IAA, a major form of auxin, is biosynthesized from L-tryptophan via the indole-3-pyruvic acid (IPyA) pathway in Arabidopsis. Tryptophan aminotransferases (TAA1/TARs) catalyze the first step from L-tryptophan to IPyA. In rice, the importance of TAA/TARs or YUC homologs in auxin biosynthesis has been suggested, but the enzymatic activities and involvement of the intermediate IPyA in auxin biosynthesis remain elusive. In this study, we obtained biochemical evidence that the rice tryptophan aminotransferase OsTAR1 converts L-tryptophan to IPyA, and has a K m of 82.02 mM and a V max of 10.92 mM min -1 m -1
Introduction
IAA is an important natural auxin that regulates plant growth and development (Woodward and Bartel 2005, Teale et al. 2006) . The indole-3-pyruvic acid (IPyA) pathway in Arabidopsis has been proposed as the main pathway for IAA biosynthesis (Fig. 1A) . In the IPyA pathway ( Fig. 1) , tryptophan aminotransferases (TAA1/TARs) synthesize IPyA from L-tryptophan (Stepanova et al. 2008 , Tao et al. 2008 , Yamada et al. 2009 , Zhou et al. 2011 , and YUCCAs (YUCs) convert IPyA to IAA , Won et al. 2011 . Evidence from chemical biology approaches supports the function of the IPyA pathway in Arabidopsis. The TAA1/TAR inhibitors L-a-aminooxy-phenylpropionic acid (L-AOPP; Soeno et al. 2010) , L-kynurenine (L-Kyn; He et al. 2011 ) and pyruvamine (PVM; Narukawa-Nara et al. 2016) effectively blocked IPyA production and subsequent auxin biosynthesis in vivo and in vitro (Fig. 1A) . In addition, the YUC inhibitor yucasin ) and aromatic borate inhibitors (Kakei et al. 2015) effectively inhibited auxin biosynthesis in vivo and in vitro. Other pathways for IAA synthesis were also reported in various plants, such as pathways that include tryptamine (TAM), indole-3-acetaldoxime (IAOx) or indole-3-acetamide (IAM) as intermediates. IAM was detected in many plants, such as Arabidopsis, rice, maize and tobacco (Sugawara et al. 2009 , Novák et al. 2012 . IAM hydrolases were identified from Arabidopsis (AtAMI1) and tobacco (NtAMI1) (Pollmann et al. 2006 , Nemoto et al. 2009 ). Tryptophan decarboxylases (TDCs) synthesize TAM from L-tryptophan (Mano and Nemoto 2012) . The Cyt P450 monooxygenases, CYP79B2 and CYP79B3, convert L-tryptophan to IAOx, but CYP79B was identified only from Brassicaceae (Zhao et al. 2002) . In summary, it is still unknown whether plants share the same IAA synthesis pathway.
Several orthologous genes that encode TAA1/TARs were reported in monocot plants. In the first study of TAA1/TAR genes, only OsTAR(1) (Os05g0169300) was reported as a TAA1/ TAR family gene in rice (Stepanova et al. 2008) . Yoshikawa et al. (2014) then reported FISH BONE (FIB; Os01g0169800) as another gene in the TAA1/TAR gene family (Fig. 1B) and that a mutation in FIB leads to pleiotropic abnormal phenotypes and reduction in IAA content. OsTAR1 was designated as FBL (FISH BONE like) in this report. Therefore, similar to TAA1, TAR1 and TAR2 in Arabidopsis, OsTAR1/FBL and OsTAR2/FIB in rice are members of the superfamily of pyridoxal-5 0 -phosphate-dependent enzymes, but differ from alliinase-like TAR3 and TAR4 (Fig. 1B) . Maize contains a gene that is highly homologous to OsTAR1, vanishing tassel2 (vt2/ZmTAR1). Phillips et al. (2011) indirectly showed that VT2 catalyzes the conversion of Ltryptophan to IPyA and suggested that VT2 has an orthologous function to TAA1 in Arabidopsis. The gene expression of TAR1/ TAR homologs is correlated to the IAA levels in maize (ZmTAR1; Chourey et al. 2010 ) and rice seeds (OsTAR1; Abuzaitoon et al. 2012) . Hirano et al. (2008) reported that OsTAA1;1 (Os01g169800 and OsTAR2/FIB) and OsTAA1;4 (Os5g169300 and OsTAR1/FBL) are expressed, and that OsTAR1 expression is correlated with IAA content in pollen. These results suggest that IAA is synthesized via the IPyA pathway, including OsTAR1/FBL and OsTAR2/FIB, in rice. However, the enzymatic activities of OsTAR1/FBL, OsTAR2/FIB and other orthologs have not been reported in rice or other monocots. There are currently no reports describing studies showing the IPyA pathway as a functional auxin biosynthesis pathway in monocots using biochemical approaches.
Genetic approaches using micromolecules that are similar to IAA have been widely employed to analyze the function of auxin (review by De Rybel et al. 2009, Ma and Robert 2014) . Auxinole and PEO-IAA were developed as inhibitors of auxin signaling (Hayashi et al. 2012 ). In addition, 1-N-naphthylphthalamic acid (NPA) has been used as an inhibitor of auxin transport (Thomson et al. 1973 , Bailly et al. 2008 , Nagashima et al. 2008 . Mechanisms including gravitropism (Rashotte et al. 2000 , Rashotte et al. 2001 , light tropism (Harper et al. 2000) and auxin transport for these tropisms have been analyzed using NPA. In addition, many inhibitors of auxin biosynthesis have been developed recently. In the development of PVM, we used Arabidopsis and the aminotransferase TAA1, and found that methoxy (at the R 2 moiety, Fig. 1 )-type PVMs show stronger inhibitory effects than hydroxy (at the R 2 moiety, Fig. 1 )-type PVMs in vivo. However, hydroxy-type PVMs have much stronger inhibitory effects in in vitro enzyme assays (NarukawaNara et al. 2016) . The chemical stability of these inhibitors and their permeability to plant tissues strongly affect their effectiveness in vivo, leading to differing effectiveness compared with that in vitro. Target enzyme structures may also vary among plant species. Since most auxin inhibitors were mainly developed using the eudicot model plant species Arabidopsis, their effects on other plant species in vivo and in vitro at the enzymatic level are unknown.
In this study, we chose rice as a representative monocot and characterized its auxin biosynthesis pathway using biochemical and chemical biology approaches. We obtained recombinant OsTAR1 protein and showed that OsTAR1 converts L-tryptophan to IPyA. Subsequently, we tested methoxy-type PVMs in vivo to screen for effective inhibitors of OsTAR1/FBL and OsTAR2/FIB by examining auxin-deficient symptoms in rice recovered by exogenous auxin treatment. After screening for effective PVMs, the inhibitory effect of the selected PVM was confirmed using an in vitro enzyme assay with the recombinant OsTAR1 after replacing the methoxy group with a hydroxy group.
Results

Enzymatic activity of OsTAR1
cDNA of OsTAR1 was cloned and expressed in Escherichia coli to obtain the recombinant OsTAR1 protein. Using the recombinant protein purified from E. coli, we conducted in vitro enzyme assays. The recombinant OsTAR1 converted L-tryptophan to IPyA in a concentration-dependent manner, but the reaction mixture and heat-denatured OsTAR1 showed only a
Os01g0717700 ( small conversion ( Fig. 2A) 
Screening of the OsTAR inhibitor pyruvamine
To find potent OsTAR inhibitors, we treated rice seedlings with 14 PVMs in an initial screening ( Supplementary Fig. S1 ). In a previous study in Arabidopsis, we compared the in vivo inhibitory activities of PVMs using compounds with or without a methyl ester at the carboxy moiety and found that methoxytype compounds have similar but stronger inhibitory activity than non-methylated compounds (Narukawa-Nara et al. 2016) . Therefore, we chose methoxy-type PVMs and screened them at a concentration of 30 mM. In this screening, we examined reductions in the length of the seminal root and the number of lateral roots as indices of possible auxin biosynthesis inhibition and chose the top 10 PVMs in terms of inhibitory effect ( Supplementary Fig. S2 ) for the second screening. Next, we tested dose-dependent effects on seminal root length ( Supplementary Fig. S3A , B) and lateral root density (Fig. 3A, B ) to determine the appropriate inhibitor concentration for the subsequent recovery test. PVM1175, PVM1186 and PVM2154 elongated the seminal root in a dose-dependent manner ( Supplementary Fig. S3A ). In contrast, PVM2030, PVM2087 and PVM3052 inhibited root growth at the highest concentration of 100 mM. PVM2030 showed dose-dependent inhibition in seminal root length ( Supplementary Fig. S3A , B), but other compounds were less dose dependent. In contrast, elongation of the seminal root is inhibited when auxin biosynthesis is strongly inhibited.
Next, we determined the PVM concentration that reduces the density of the lateral roots to about 50% to conduct further recovery tests. Concentrations of PVM1168, PVM2121 and PVM2154 were determined as shown in Fig. 3A (indicated by arrowheads), while PVM1186, PVM2030 and PVM2087 were analyzed in more detail, as shown in Fig. 3B . We examined recovery from growth inhibition in the presence of exogenous IAA in order to examine the specific inhibition of IAA biosynthesis (Fig. 3C) . In the recovery test, we selected PVM2030 (previously designated as KOK2030; Narukawa-Nara et al. 2016) as the best candidate for a potent inhibitor of rice auxin biosynthesis. PVM2030 treatment reduced the number of lateral roots and inhibited the growth of the seminal root. Seedlings recovered from growth inhibition in the presence of 100 mM IAA (Fig. 3C ). This growth recovery in the presence of IAA suggests that the inhibition observed in the presence of PVM2030 was due to IAA reduction.
In vitro inhibitory assay of OsTAR1/FBL by PVM2031
We then conducted an in vitro enzyme inhibition analysis for PVM2030. Because hydroxy-type PVMs have much stronger inhibitory effects in vitro (Narukawa-Nara et al. 2016), we used PVM2031 (previous name KOK2031) synthesized by replacement of the methoxy moiety of PVM2030 with a hydroxy moiety (Fig. 4A) . We investigated the inhibitory effect of PVM2031 on OsTAR1 using an in vitro assay. We added 1, 10 or 100 mM PVM2031 to the reaction mixture and monitored the production of IPyA from L-tryptophan. PVM2031 significantly reduced the enzymatic activity of OsTAR1 in a dosedependent manner (Fig. 4B) . We then performed an enzyme kinetic assay and found that PVM2031 competitively inhibits OsTAR1 based on a Dixon plot (Fig. 4C) . The inhibitor constant (K i ) of PVM2031 against OsTAR1 was 276 nM.
Comparison of PVM2030 and PVM2031 with other known TAA1/TAR inhibitors in rice
We compared the in vivo effects of PVM2031 and PVM2030. Surprisingly, 10 mM PVM2031 treatments decreased the density of lateral roots to a greater degree than PVM2030 (compare Fig. 3D with Fig. 3A and B) . Good recovery from inhibition by PVM2031 was achieved by exogenous IAA (Fig. 3D) . These results suggest that in vivo treatment with hydroxy-type PVM2031 is more effective than that with methoxy-type PVM2030 in rice.
Among the reported TAA1/TAR inhibitors, the first-generation compound L-AOPP (Soeno et al. 2010 ) was also tested in rice. Treatment with this compound did not have any apparent effects on seminal root length or number of crown roots, but did affect the density of lateral roots at a high concentration (100 mM) ( Supplementary Fig. S4 ), suggesting that the effect of L-AOPP is weaker than that of PVM2031 in rice.
L-Kyn is an alternative substrate and inhibitor of TAA1 . We compared growth inhibition by PVM2031 and L-Kyn (Fig. 5) . When rice seedlings were grown for 6 d in the presence of 10 mM PVM2031, they showed reduced seminal root length. In contrast, when seedlings were grown in the presence of 10 mM L-Kyn, they did not show reduced seminal root length (Fig. 5A) . L-Kyn reduced seminal root length at a higher concentration (100 mM; Supplementary Fig. S5 ). Treatment with L-Kyn reduced the number of crown roots (Fig. 5B) and reduced the density of lateral roots (Fig. 5C ) to a similar extent as PVM2031. Reduction in the density of lateral roots was recovered by exogenous IAA treatment for both inhibitors (Fig. 5D) . Treatment with 10 mM L-Kyn or PVM2031 did not affect shoot growth (Supplementary Fig.  S6 ). We also calculated the K i value of L-Kyn against OsTAR1 (3.81 mM; Supplementary Fig. S7 ). The K i value of PVM2031 was about 14 times lower than that of L-Kyn, indicating that PVM2031 is a potent inhibitor of OsTAR1.
In vivo inhibition of IPyA and IAA biosynthesis
We analyzed endogenous IPyA and IAA levels to demonstrate the effects of the inhibitors on auxin biosynthesis in vivo. Rice seedlings were treated with 10 mM PVM2031, PVM2030 or LKyn for 3 h and endogenous levels were analyzed by liquid chromatography-tandem mass spectrometry (LC-MS/MS). When endogenous IAA and IPyA contents were analyzed in roots, PVM2031-treated (10 mM, 3 h) plants had lower IPyA and IAA contents than mock-treated plants (Fig. 6) . PVM2030 and L-Kyn also reduced IAA and IPyA levels.
Discussion
The enzymatic activity of the putative rice auxin biosynthesis enzyme OsTAR1/FBL (Os05g0169300) has not been studied previously. Here, we demonstrated that OsTAR1 catalyzes the conversion of L-tryptophan to IPyA (Fig. 2A) . The kinetics of OsTAR1 (K m = 82 mM, V max = 10.9 mM min -1 mg -1 ) (Fig. 2B ) are similar to those of TAA1 (K m = 290 mM and V max = 12.9 mM min -1 mg -1
; reported by Tao et al. 2008) , suggesting that OsTAR1 in rice has a function similar to that of TAA1 in Arabidopsis. This biochemical evidence supports the existence of an IPyA pathway in rice for the biosynthesis of IAA by OsTAR1 (Fig. 1A) . While we confirmed that OsTAR1 acts in the first step, no studies of enzymatic activity in the second step catalyzed by YUCs have been performed in rice, although Yamamoto et al. (2007) reported that mutation of OsYUC leads to auxin-deficient symptoms. Future biochemical studies of the enzymatic activity of YUCs and analyses of precursors and intermediates in the auxin biosynthesis pathways will improve our understanding of auxin biosynthetic pathways in rice.
In a previous study on Arabidopsis, PVM1168 (KOK1168; methoxy-type) and PVM1169 (KOK1169; hydroxy-type PVM1168) were the most effective auxin biosynthesis inhibitors in vivo (Narukawa-Nara et al. 2016). In contrast to the findings in Arabidopsis, PVM1168 is less effective than PVM2030 in inhibiting rice seminal root growth ( Supplementary Fig. S3A ). Furthermore, efficient recovery from growth inhibition by PVM1168 was not achieved in the presence of IAA, but recovery from inhibition by PVM2030 was achieved in the presence of IAA (Fig. 3C) . These results indicate that PVM1168 and PVM1169 are the most effective inhibitors in Arabidopsis, while PVM2030 and PVM2031 are the most effective in rice. The different structures of Arabidopsis TAA1/TARs and those of rice may lead to differences in inhibitor efficiency. Alternatively, inhibitor absorption, transport and metabolism may differ between Arabidopsis and rice. The efficiency of plant growth inhibition by methoxy compounds differed between Arabidopsis and rice. We reported that methoxy-type PVMs have better inhibitory effects than hydroxy-type PVMs on Arabidopsis root elongation. However, the final active forms of PVM inhibitors are thought to be non-methylated compounds (such as PVM1169), since PVM1169 inhibits TAA1 in vitro, while methylated compounds (such as PVM1168) do not (Narukawa-Nara et al. 2016) . In contrast to the findings in Arabidopsis, the hydroxy-type PVM2031 had a better inhibitory effect than PVM2030 on rice root growth (Fig. 3) . In summary, the structure of the R 1 residue (Fig. 1) and the addition of a methyl group lead to differential effects in Arabidopsis and rice. There are several possible explanations for this; for example, methyl esterase activity is stronger in Arabidopsis than in rice, or selective absorption of methylated or unmethylated compounds may differ in Arabidopsis and rice. We also showed that L-AOPP differentially affects Arabidopsis and rice ( Supplementary Fig. S6 ). This difference is consistent with a report by Soeno et al. (2010) describing that L-AOPP differentially affects Arabidopsis, tomato and rice. The screening of a suitable inhibitor for each plant is necessary for the use of auxin biosynthetic inhibitors as tools for chemical biotechnology. These results also suggest that hormone inhibitors discovered in Arabidopsis are not always effective in other plant species.
We found PVM2031 to be an effective inhibitor of OsTAR1. Endogenous IAA and IPyA levels were reduced in its presence (Fig. 6) . PVM2031 can inhibit the function of auxin in rice, i.e. decrease lateral root density, and this inhibition can be recovered by the addition of exogenous IAA (Fig. 5) . These results indicate that PVM2031 inhibited auxin biosynthesis in vivo, as C for 30 min. Statistically significant differences from IPyA levels without PVM2031 are indicated by asterisks (**P < 0.01, ***P < 0.001). Data represent means ± SE (n = 3). (C) Dixon plot of the inhibitory effect of PVM2031 on OsTAR1 activity. OsTAR1 activity was measured in the presence of 50, 150 or 300 mM L tryptophan and 0, 0.3, 0.5, 0.7 or 1.0 mM PVM2031. The K i value was calculated from the plot.
well as in vitro. The results obtained using a chemical biology approach strongly suggest the presence of the IPyA pathway as a functional auxin biosynthesis pathway in rice. These results also suggest that the function of auxin in rice can be specifically controlled by PVM2031. A competitive substrate of L-tryptophan, L-Kyn, reduced IPyA and IAA contents and caused auxindeficient symptoms, which were recovered by exogenous IAA (Figs. 5, 6 ). Therefore, L-Kyn is another auxin-specific inhibitor of biosynthesis. However, there are differences in the efficiencies of PVM2031 and L-Kyn. Namely, 10 mM L-Kyn treatment did not inhibit root elongation, but a similar PVM2031 treatment did ( Fig. 5; Supplementary Figs. S5, S6 ). PVM2031 inhibited the activity of recombinant OsTAR1 at a 14 times lower concentration than L-Kyn ( Fig. 4; Supplementary Fig. S7 ). These results are consistent with the finding that L-Kyn has a weaker long-term (6 d Data represent means ± SE (n = 6-7). Statistically significant differences from mock treatment are indicated by asterisks (*P < 0.05, **P < 0.01). Fig. 6 Endogenous IPyA and IAA contents in response to inhibitor treatment. Six-day-old seedlings grown on half-strength MS agar medium were conditioned for 1 d in deionized water and then treated with or without PVM2031 (10 mM), PVM2030 (10 mM) or L-Kyn (10 mM). Endogenous IPyA (A) and IAA (B) levels in roots were measured by LC-MS/MS. Data represent means ± SE (n = 3). Statistically significant differences from mock treatment are indicated by asterisks (**P < 0.01).
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PVM2031 ( Supplementary Fig. S6 ). We propose that PVM2031 is a suitable chemical tool in the study of auxin biosynthesis in rice roots. When inhibitors were used at lower concentrations, namely 10 mM PVM1168, 100 mM PVM1175, 10 mM L-Kyn, and 60 and 100 mM PVM1186, seminal root elongation was enhanced ( Supplementary Figs. S3, S5) . Based on the results obtained from multiple compounds, we think that elongation of the seminal root is induced when auxin biosynthesis is mildly inhibited. The enhanced root elongation under auxin deficiency is consistent with a previous report on the fib mutant (Yoshikawa et al. 2014) and a study of 100 mM L-Kyn treatments on Brachypodium distachyon (Pacheco-Villalobos et al. 2013) . However, the molecular mechanisms of enhanced root elongation under reduced auxin levels are still unknown, although cell elongation by exogenous auxin treatment (increase) is well studied (Farquharson 2014) . Further studies on auxin biosynthesis and cell elongation in rice at the tissue, cellular and molecular levels are required.
Materials and Methods
Plant materials
Oryza sativa cv. Nipponbare was used in this study. In all experiments, rice plants were grown at 30 C under continuous light. After seed selection in salt water (specific gravity 1.12), seeds were germinated in deionized water for 2 d at 30 C under continuous light. For the measurement of endogenous IAA, rice seedlings were grown for an additional 4 d on half-strength Murashige and Skoog (MS) agar medium, transferred to deionized water, incubated with shaking for 1 d and then treated with inhibitors for 3 h. For observation of the effects of inhibitors on rice growth, rice seedlings were grown for 6 d on half-strength MS agar medium with inhibitors.
Chemicals
All pyruvamines are designated as PVM with four digit numbers that correspond to the KOK compounds with the same numbers as in a previous report (NarukawaNara et al. 2016) . For the screening of PVMs that inhibit rice growth, 14 compounds with amino-oxy and methyl-ester groups were examined ( Supplementary Fig. S1 ). These PVMs were synthesized as described by Narukawa-Nara et al. (2016) . Briefly, methyl 2-(aminooxy)-3-(4-phenoxyphenyl)propanoate (PVM2030) was synthesized from 4-phenoxybenzaldehyde via methyl 3-(4-phenoxyphenyl)oxirane-2-carboxylate, methyl 2-hydroxy-3-(4-phenoxyphenyl)propanoate, methyl 2-bromo-3-(4-phenoxyphenyl)propanoate and 2-[(1,3-dioxoisoindolin-2-yl)oxy]-3-(4-phenoxyphenyl)propanoate. 2-(Aminooxy)-3-(4-phenoxyphenyl)propanoic acid (PVM2031) was synthesized from PVM2030. A total of 0.41 g of PVM2030 was dissolved in 2 N NaOH in 12 ml of 1 : 1 methanol/1,4-dioxane and stirred at room temperature for 2 h. After neutralization with 2 N HCl, the pH was adjusted to 4 with 0.5 N HCl and then the mixture was evaporated. The mixture was washed with water and ethyl acetate and dried to obtain PVM2031. L-Kyn was purchased from Sigma-Aldrich.
Subcloning of OsTAR1
OsTAR1 was amplified by PCR from a plasmid containing a full-length cDNA clone (clone No. AK071687, provided by the National Institute of Agrobiological Sciences, Japan) using the following primers containing HindIII and XbaI sites (forward primer, Hind-OsTARL4-1F: 5 0 -AAAAAGCTTATGGCGG CGATGGGCAGCAAGG-3 0 ; reverse primer, OsTARL4-Xba-1326R: 5 0 -AAATCTA GATCAGTTCATGGCGGCGAGGCGGTC-3 0 ). The amplified fragment was digested by HindIII and XbaI and subcloned into pBluescriptSK(À) to generate a vector containing OsTAR1, namely OsTAR1-SK(À). OsTAR1-SK(À) was digested with HindIII and XbaI, and then the fragment was inserted into the respective site in the pColdProS2 vector (TAKARA). The coding region of OsTAR1 was verified by DNA sequencing. Escherichia coli BL21 competent cells (Hanahan 1983) were used for the expression of recombinant OsTAR1 from the resulting plasmid.
Purification of recombinant OsTAR1
After pre-culture of pColdProS2-OsTAR1 E. coli in 3 ml of LB medium containing 50 mg ml -1 carbenicillin at 37 C overnight (200 r.p.m.), 1 ml of the culture was inoculated into 200 ml of LB medium and cultured at 37 C for several hours to an OD 600 of 0.5. The culture was incubated at 15 C for 30 min. For expression, isopropyl-b-D-1-thiogalactopyranoside (IPTG) was added to a final concentration of 0.3 mM and incubated at 15 C for 24 h with shaking. Cells were harvested by centrifugation and stored at À80 C until purification. A 1 g aliquot of frozen cells was treated with 5 ml of BugBuster Protein Extraction Reagent (Novagen), 1 ml of benzonase nuclease and lysozyme to a final concentration of 200 mg ml -1 at room temperature for 10 min, and subsequently centrifuged. The resulting supernatant was purified using the Ä KTA Prime Plus protein purification system (GE Healthcare), following the manufacturer's protocol. Lysate was loaded onto the column [HisTrap HP 1 ml (GE Healthcare), flow rate: 1 ml min -1 ] with loading buffer [50 mM sodium phosphate buffer (pH 8.0) containing 0.3 M NaCl]. Protein was eluted through an imidazole gradient [gradient from 0% at 0 column volumes to 10% at five column volumes and from 10 to 100% elution buffer at 10 column volumes; 50 mM sodium phosphate buffer (pH 8.0) containing 0.3 M NaCl and 0.5 M imidazole]. Purity was checked by SDS-PAGE. Purified protein was concentrated using 10K Amicon Ultra-4 filters at 4 C and resuspended with 1 ml of 10 mM borate buffer (pH 8.5). The concentration of the protein was determined using a Bio-Rad Protein assay.
Inhibitory assay using recombinant OsTAR1
The in vitro inhibitory assay using recombinant OsTAR1 was performed as previously described for the borate buffer assay (Matheron and Moore 1973, Tao et al. 2008 ) with minor modifications. The reaction mixture was prepared in 500 ml of 500 mM borate buffer (pH 8.5) containing 300 mM L-tryptophan, 1 mM sodium pyruvate, 10 mM pyridoxal phosphate, 1 mg of purified OsTAR1 recombinant protein and 1 mM test compound. L-Tryptophan concentration, OsTAR1 and the addition of inhibitors were modified accordingly. The mixture was incubated at 35 C for 30 min and the reaction was stopped by the addition of 20 ml of 6 N HCl. Absorbance at 330 nm was measured to monitor the amount of IPyA-borate complex. Reaction mixtures without OsTAR1 were used as controls, and 500 mM borate buffer was used as a blank for the spectrophotometric assay.
Analyses of endogenous IPyA and IAA
Endogenous IPyA and IAA were measured according to the method described by Kakei et al. (2015) . Briefly, samples were extracted with 50% acetonitrile at 4 C, purified with OASIS HLB and MCX cartridge columns, and then analyzed by UPLC-ESI-MS/MS (ACQUITY Ultra-Performance Liquid Chromatography-TQ Detector, Waters).
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